Background: Reduced cerebrospinal fluid (CSF) concentration of amyloid-␤ 1-42 (A␤ ) reflects the presence of amyloidopathy in brains of subjects with Alzheimer's disease (AD). Objective: To qualify the use of A␤ 1-42 /A␤ 1-40 for improvement of standard operating procedures (SOP) for measurement of CSF A␤ with a focus on CSF collection, storage, and analysis. Methods: Euroimmun ELISAs for CSF A␤ isoforms were used to set up a SOP with respect to recipient properties (low binding, polypropylene), volume of tubes, freeze/thaw cycles, addition of detergents (Triton X-100, Tween-20) in collection or storage tubes or during CSF analysis. Data were analyzed with linear repeated measures and mixed effects models. Results: Optimization of CSF analysis included a pre-wash of recipients (e.g., tubes, 96-well plates) before sample analysis. Using the A␤ 1-42 /A␤ 1-40 ratio, in contrast to A␤ 1-42 , eliminated effects of tube type, additional freeze/thaw cycles, or effect of CSF volumes for polypropylene storage tubes. 'Low binding' tubes reduced the loss of A␤ when aliquoting CSF or in function of additional freeze/thaw cycles. Addition of detergent in CSF collection tubes resulted in an almost complete absence of variation in function of collection procedures, but affected the concentration of A␤ isoforms in the immunoassay.
INTRODUCTION
CSF amyloid-␤ 1-42 (A␤ ) and tau proteins (total tau, phosphorylated tau) reflect the presence of amyloidopathy and tau pathology in the brain of subjects with Alzheimer's disease (AD). The combination of both proteins has been qualified by the European Medicines Agency as a tool for patient enrolment in clinical trials, while the Letter of Support from the Food and Drug Administration encourages their use in clinical trials [1, 2] . Algorithms based on a combination of CSF AD biomarkers, together with imaging methods, were integrated into revised criteria for AD diagnosis [3, 4] . However, since no reference method has yet been approved, published cut-off values are center-and CSF-collection-specific. Consequently, the translation of cut-off values from one study to another clinical setting can lead to misclassification of subjects for inclusion in clinical trials or wrong decision-making for affected subjects.
Several papers provided guidance for (pre-) analytical handling of CSF [5, 6] , but focused almost exclusively on individual proteins. The clinical accuracy of CSF biomarker cut-off values is affected in part by the absence of uniform Standard Operating Procedures (SOP) for CSF collection, storage, and analysis (Supplementary Figure 1) . There is still a need for a consensus on how to collect and store CSF before analysis, taking into account the impact of these factors on the results of diagnostic tests.
Even though CSF A␤ 1-42 levels reflect cortical amyloid load in the brain as determined by neuropathology [7] and amyloid PET imaging [8] , it has recently become evident that the ratio of A␤ 1-42 / A␤ (or A␤ /A␤ ) more accurately measures brain amyloid pathology [9] [10] [11] . The A␤ 1-42 / A␤ 1-40 ratio might be less affected by pre-analytical variables than A␤ alone [12] .
We have used the Euroimmun assays for CSF A␤ isoforms (A␤ , A␤ , A␤ ) to document the robustness of procedures for collection, storage, and analysis of CSF. Several factors were included in the study design (e.g., recipient type, volumes of tubes, freeze/thaw cycles). In addition, detergents were added at the time of CSF collection, during CSF analysis in the laboratory, or in tubes which were stored at -80 • C. Data were analyzed with linear repeated measures and mixed effects models. The outcome of the study was used to optimize and extend the guidance for CSF analysis.
MATERIALS AND METHODS

CSF collection
CSF was collected prospectively from patients undergoing lumbar puncture due to clinical suspicion of normal pressure hydrocephalus at the Memory clinic, Skåne University Hospital, Sweden. In these patients, 40 mL of CSF was collected as part of the clinical routine investigation. De-identified CSF samples from 19 individuals were investigated. The detailed procedure for CSF collection and storage is shown in Fig. 1 . For each subject, 20 different protocols were applied. Several vials with 5 mL of CSF were collected during the lumbar puncture from the same subject in two types of tubes [low binding (LoB), polypropylene (PP)] with or without additives [Tween-20 (Tw20; Panreac AppliChem, MO, USA) or Triton-X100 (TrX100; VWR Chemicals, Stockholm, Sweden)]. Each tube was graduated in order to obtain the exact collection volume. A possible gradient effect was overcome by randomization of the order in which the different samples were collected. The randomization cannot change the occurrence of a possible gradient effect over time. On the other hand, randomization will limit the possibility that the gradient effect is confounded with the protocol number in the statistical analysis. By randomizing the order of protocols over subjects, the possible gradient effect will be on average leveled out when comparing the protocols over subjects. However, Bjerke et al. [13] reported the absence of a gradient effect by analysis of A␤ 1-42 concentrations in four 10 mL portions of CSF.
In a part of the tubes, 25 L of 10% Tw20 or TrX100 was added (final concentration: 0.05% v/v). All vials were mixed by inverting them 25 times, kept at room temperature (RT) for 20 min, followed by centrifugation (2000 g, RT, 10 min). From these original tubes, CSF was transferred into microtubes (0.5 mL/1.5 mL, LoB/PP). After one week of storage at -80 • C, one 1.5 mL PP or LoB tube containing 1.3 mL CSF was thawed, aliquoted, and stored at -80 • C before testing. Among the tested procedures, there was no SOP using a collection LoB tube and a PP storage tube.
The following tubes have been selected for the study based on their current use in the laboratory for observational studies: LoB tubes from Eppendorf: 5 mL: Code: 0030108302; 1.5 mL: Code: 0030108116; 0.5 mL: 0030108094; PP tubes from Sarstedt: 5 mL: 62.554.502; 1.5 mL: 72.706; 0.5 mL: 72.730.006.
For the cases included in the study, CSF collection started on September 23, 2014 and ended on December 2, 2014. Sample analysis was done in Q1 2015.
All patients gave their written informed consent allowing their CSF samples to be used for research. The Ethics Committee in Lund, Sweden, has approved the use of de-identified CSF samples to measure CSF A␤ metabolites.
Assays
CSF was analyzed after at least one freeze/thaw cycle using commercial ␤-amyloid , and ␤-amyloid 1-40 assays (Euroimmun, Lübeck, Germany) and research assays for ␤-amyloid 1-38 (produced by ADxNeuroSciences). Details of the test procedures are described in Supplementary Table 1 .
Optimization of the quantification of Aβ isoforms in CSF
Experiments were done to optimize CSF collection procedure and the test conditions.
Pre-analytical phase
Before CSF analysis, the impact of a pre-wash step of recipients on test results was analyzed. Results were integrated in protocols for sample analysis. Prewash was done by the addition of sample diluent to recipients for a period of 30 min at RT, followed by removing the liquid from the wells by tapping. No sample diluent remained in the wells before samples were added for analysis.
Since detergents can interfere with the binding of proteins to antibodies, it was of utmost importance to verify their interference in the assay. TrX100 or Tw20 was added to a part of the CSF samples at the time of collection with the aim to limit adsorption of A␤ to the recipients. First, detergent was added to the calibrator solutions, with identical Tw20 and TrX100 concentrations as used for CSF collection. Moreover, detergents were added to the biotinylated detector mAb solution ("BIOTIN" reagent in the test kit). Secondly, CSF samples from one subject were used to estimate the bias (= difference in concentration) in CSF A␤ in function of the test procedure. Results of the CSF analyses were compared after calibration against a non-detergent or detergent-containing calibrator series.
Analytical phase, CSF analysis, and acceptance criteria
CSF and controls (= calibrators in phosphatebuffered solution) were analyzed in duplicate in one laboratory (ADx NeuroSciences, Gent, Belgium) by one operator with one lot number of each ELISA. After thawing CSF at RT, CSF samples from one subject were tested in a single 96-well plate to limit inter-plate variability. Samples of one subject were measured for the different analytes on the same day. Reported values (= mean of two OD values) were used to calculate concentrations using a 4-PL curve fit algorithm.
Acceptance criteria for validation of individual tests were established in-house and included (i) backcalculated values of each calibrator's concentration not to exceed 15% of the nominal concentration in the linear range of the assay, (ii) %CV between concentrations < 20%, and (iii) kit controls within specifications as described in the kit insert.
Post-analytical phase
We tried to recover A␤ 1-42 from recipients with CSF with decreased A␤ 1-42 concentrations after storage in order to verify whether the difference resulted from degradation of the analyte or from adsorption of the analyte to the tubes. For this purpose, tubes with CSF, collected in the absence of detergent, were treated with different concentrations (0.002-0.05%) of Tw20. A␤ concentrations in the CSF after addition of detergent were compared to samples to which no detergent was added.
Statistical analysis
Model selection and fitting
Experiments provided repeated measures data. The different measurements of CSF collected from the same subject form a multivariate response. Measurements made on the same subject are correlated, while measurements between different subjects are considered independent (with CSF of different subjects tested in different assay runs).
Concentrations were log-transformed prior to modeling. Correlations between measurements made on the same subject were modeled by introducing a random subject effect and through the specification of different covariance structures. Restricted maximum likelihood estimation was used to compare the models with different approaches to variance modeling but the same fixed-effects model. For comparison of both detergents, the correlation was modeled with a random effect for subject. For all other analyses, the correlated errors model (without random effect) with heterogeneous compound symmetry covariance structure was selected (based on Akaike and Bayesian information criteria). This model imposes the same pair-wise correlations among all measurements on the same subject, but allows for heterogeneous variances among subjects. Model fit was approved based on residual diagnostics. The final models were rerun with ML estimation and Kenward-Roger approximation to the degrees of freedom for inference on fixed effects.
CSF protocol experiment
A first model was fitted to study the differences in concentrations between the 20 protocols. This model contained only the fixed 20-level factor "CSF-protocol". Results were reported as mean (over all subjects) standardized concentrations for each protocol with a 95% confidence interval (CI). Concentrations were standardized by dividing the mean protocol-specific concentrations by the mean concentration of the reference procedure (protocol 7). A standardized concentration of 110 (90) means a 10% increase (decrease) in concentration compared to the reference procedure.
A second model was fitted to further evaluate the impact of the different protocol parameters. The model contained the main effects for the factors 'collection' (first tube) and 'storage' (second tube) recipient, volume of the storage tube, an additional freeze/thaw cycle and addition of detergent, together with interactions of detergent with each of four other factors and two three-way interactions (for detergent, freeze-thaw condition and storage tube and for detergent, volume and type of storage tube). The reported effects of a factor are relative changes (%) in concentration, keeping the other factors constant. For instance, the estimated effect of the collection tube is the expected percent difference in concentration when CSF of the same subject is collected in PP compared to LoB collection tubes, but transferred to the same storage tube of the same volume, with the same number of freeze/thaw cycles.
RESULTS
Run validation and intra-assay variability
We included an extensive run validation before sample analysis in function of the different protocols. Run-validation criteria were met for all runs. Back-calculated concentrations for each calibrator concentration or kit controls were within the predefined acceptance limits.
The intra-assay variability (i.e., variability between concentrations calculated for each OD, replicate measurement) of CSF samples are presented in Supplementary Table 2 . The median intra-assay %CV of concentrations was <2.45 and <2.61 for detergentfree and detergent-containing samples, respectively. Intra-assay variability was not affected by selected analyte, the presence of detergent in the sample, their concentrations, or the curve-fit algorithm (4-PL, 5-PL). Concentrations obtained with a 4-PL curve were used for all further data analyses.
The concentration ranges (median, p25, p75) of the CSF samples included in the study are shown in Supplementary Table 3 .
Optimizing the quantification of Aβ 
Pre-treatment of recipients
Before CSF sample analysis, the impact of a pre-wash step of recipients on sample analysis was optimized (Supplementary Figure 2) , resulting in the integration of a pre-wash step in the protocol for sample analysis (Supplementary Figure 3) . The integration of a pre-wash step of tubes and 96-well plates in the test procedure with sample diluent resulted in a significant reduction of adsorption of A␤ to the recipient, independent of the selected recipient type.
Interference of detergent in the assay
Our study verified the impact of detergent on the assay during incubation of samples (or calibrators). Samples are incubated simultaneously with the biotinylated detector antibody ('BIOTIN'). OD values were lower when 0.05% detergent (Tw20 or TrX100) is present during sample incubation ( Fig. 2A) . Determined kit control concentrations were identical independent of the selected detergent or when adding the detergent to the calibrator or the "BIOTIN" component.
The overall difference in CSF A␤ 1-42 amounted to 32.0 (1.4)% (Mean (SD)) for the TrX100 protocol when CSF results are compared after calibration against a non-detergent or detergent-containing calibrator series. In contrast, when detergent is added to 'BIOTIN' during incubation of calibrators and CSF, no difference in CSF A␤ is noted compared to incubation with 'BIOTIN' without extra addition of detergent (Fig. 2B) . Results were comparable when Tw20 was used as detergent (data not shown).
Since our study design included different CSF compositions (no detergent, Tw20, TrX100) and the fact that no (major) difference in function of the selected detergent was observed, we performed all CSF analyses with 'BIOTIN' to which 0.05% (final concentration) Tw20 was added. It was the major goal of our study to optimize the collection procedures and not to determine absolute differences. Figure 3 shows standardized mean concentrations for each CSF protocol, ordered from the highest to the lowest standardized concentration. Protocol 7 was considered as the reference for further analysis. Details of the effect sizes and p-values are described in Supplementary Table 4 and Supplementary Table 5 .
Optimization of the CSF collection procedure
When looking at the effect of the protocols without the addition of detergent (left side, blue scales) on the A␤ isoform concentrations, protocol 7 indeed resulted in the highest mean concentration, together with protocol 8. Both protocols use LoB collection and storage tubes and have no additional freeze-thaw cycle.
The addition of identical volumes of CSF to storage LoB tubes of different sizes (protocol 8 versus protocol 7) did not influence the concentration of any of the analytes significantly. An additional freeze/thaw cycle (protocols 9 and 10) has no or only a minor effect, depending on the isoform (max -7.7% (-2.6, -12.9%) for A␤ ).
Changing the collection tube to PP (protocols 1 and 2) also has no or only a moderate effect depending on the analyte (max -11.8% (-7.5, -15.9%) for A␤ ). However, when also the storage tube (second tube) is changed to PP (protocols 3 and 4), larger decreases in concentrations are observed. Furthermore, adding an additional freeze/thaw cycle (protocol 5 and 6) resulted in a larger decrease in concentration as for the protocols with LoB storage tubes (max -62.4% (-60.4, -64.2% for A␤ ). Also the effect of using tubes with higher volumes is stronger.
In general, the quantified changes in protein concentration in function of the different steps in the collection procedure are greater for A␤ compared to the other analytes. A␤ 1-42 /A␤ 1-40 ratios are more robust to changes in the CSF protocol compared to A␤ . The A␤ 1-42 /A␤ 1-40 ratio almost levels the effect of an additional freeze/thaw cycle and of the CSF volume in PP storage tubes (no significant differences among protocols 3, 4, 5, and 6). Also the effect of a PP storage tube compared to a LoB storage tube is attenuated. The effect of an additional freeze/thaw cycle in a LoB storage tube (protocol 9 and 10) disappears when using the A␤ 1-42 /A␤ 1-40 ratio. The A␤ 1-42 /A␤ 1-38 ratio also attenuates the effects of changes to the CSF protocol, albeit to a lesser extent than the A␤ 1-42 /A␤ ratio.
In contrast, the presence of detergent in CSF in the collection tube showed no effect on the result of A␤ Addition of detergent to the "BIOTIN" component (= biotinylated antibody, incubated simultaneously with samples or calibrators) resulted in a reduction in OD values for samples and calibrators. In addition, CSF in which detergent was added at the time of collection showed higher OD values as compared to CSF without detergent. This was due to an effect on the equilibrium between protein-bound and free analyte in the biological matrix, resulting in higher analyte concentrations. As shown by the vertical lines, no difference in concentration is obtained when an assay with detergent in "BIOTIN" is compared to an assay performed without the addition of detergent, for each type of sample.
concentration determination, except for a few small differences as described further.
In the second analysis (Fig. 4, Supplementary  Table 5 ), the effects of the different factors and their relationship were estimated for each analyte and the relevant ratios. In the absence of detergent, it was shown that collection of CSF in PP tubes resulted in significantly lower concentrations compared to collection in LoB tubes for all A␤ analytes, amounting to 11.0%, 7.3%, and 2.7% for A␤ , A␤ , and A␤ 1-38 , respectively. When using the ratio of A␤ isoforms, the difference was only 4.0% for A␤ 1-42 /A␤ , in contrast to 8.6% for the A␤ 1-42 /A␤ 1-38 ratio. The transfer to a PP storage tube had a larger effect and decreased the concentration by 42.5%, 27.8%, and 16.7% for A␤ , A␤ , and A␤ 1-38 , respectively. When using the ratio of A␤ isoforms, the difference was 20.4% for A␤ 1-42 /A␤ 1-40 and 31.0% for the A␤ 1-42 /A␤ ratio.
The effects of freezing and tube volume were dependent on the storage tube type. An additional freeze-thaw cycle reduced CSF A␤ levels by more than 25% for A␤ and A␤ , and to a lesser extent for A␤ 1-38 (16.7%) in a PP tube. The ratio A␤ 1-42 /A␤ was not significantly affected by the extra freeze-thaw cycle, whereas the ratio A␤ 1-42 /A␤ 1-38 showed a decrease by 14.7%. In contrast to PP tubes, the effect of freezing was almost absent when LoB storage tubes were used.
The model revealed significant effects for A␤ (-13.6%), A␤ 1-40 (-15.5%), and A␤ 1-38 (-10.6%), in function of the tube volume, an effect being dependent on the storage tube type. The ratio A␤ 1-42 / A␤ was not significantly affected by the larger volume, whereas the ratio A␤ 1-42 /A␤ 1-38 showed a decrease by 3.4% (p = 0.0478). In contrast to PP tubes, the effect was not significant for LoB storage tubes.
With the addition of detergent at the time of CSF collection, most effects were leveled. However, in some cases opposite effects were observed and measured concentrations were increased by a maximum of 5%. This is the case for an additional freeze/thaw cycle in PP tubes [A␤ 
Post-analytics: Recovery of Aβ 1-42 from recipients
This set of experiments was performed to verify whether the loss of immunoreactivity after storage is related to a degradation of the analyte or to the adsorption of the analyte to the walls of the tubes. Treatment Fig. 3 . Standardized mean concentration for each CSF protocol and analyte. Standardized mean concentrations (±95% confidence intervals) for each CSF protocol, ordered from the highest to the lowest standardized concentration using protocol 7 as the reference. Numbers on the x-axis are linked to the numbers in the collection protocol (Fig. 1) . Effect sizes and p-values are described in Supplementary Table 4 . LoB, low binding; PP, polypropylene. Figure 4 ). We could not recover A␤ from recipients by using Guanidinium-HCl as the extraction medium (data not shown).
DISCUSSION
Procedures to quantify A␤ isoforms in CSF have been optimized with ELISAs that used optimized CSF volumes C = No matrix interference (at the time of sample incubation) to limit previously published matrix interferences [13, 14] . The present paper demonstrates that adsorption of A␤ to recipients can be reduced considerably by using low binding tubes, pre-wash of recipients with detergentcontaining buffers, and by integration of the ratio A␤ 1-42 /A␤ in the work flow. While addition of detergent to CSF collection tubes resulted in an almost complete absence of variations of the results of the test protocols, it might increase the complexity of its use in a routine clinical environment. The rate of adsorption to PP recipients is much higher for A␤ than for the other A␤ isoforms. The A␤ 1-42 /A␤ ratio is less affected by changes in the CSF protocol as compared to A␤ alone. This ratio limited the effect of additional freeze/thaw cycles and the effect of CSF volumes in PP storage tubes. The use of 'low binding' tubes reduced the loss of A␤ when aliquoting CSF or after additional freeze/thaw cycles. Adsorption of A␤ to recipients after serial transfer (Protocol 5, 6) can be reduced by addition of detergent to storage tubes.
Several publications reported protocols for CSF analysis [5, 6, [15] [16] [17] . In some cases, the recommendations must be taken with caution due to (i) insufficient details on experimental procedures, (ii) an inadequate statistical approach for data analysis, and (iii) not considering the interplay between different interfering factors. Optimization of sample test procedures needs a multi-factorial approach; the importance of confounding factors must be balanced against their effect on subject classification [18] . On the other hand, pre-analytical standardization of CSF analysis requires native biological samples since other matrices can react differently in function of the applied experimental procedures, as shown by Bjerke et al. [19] .
Adsorption of A␤ to glass, polystyrene, or even polypropylene was already documented more than two decades ago. Other biomarkers, such as tau, were less affected [20, 21] . Perret-Liaudet et al. [22] revealed that most polypropylene tubes are composed of co-polymers, containing at least polyethylene and anti-oxidantia. A␤ 1-42 adsorption occurred fast, measurable within 15 min of storage-an effect not augmented by longer incubation times. Our results extended the observation of Lewczuk et al. [12] who showed that the ratio of A␤ 1-42 /A␤ 1-40 (either using A␤1-specific or A␤N-specific mAbs) in CSF is less dependent on recipient type (polycarbonate, (modified) polystyrene) than A␤ 1-42 alone. Adsorption problems described by Toombs et al. [23] could have been solved by inclusion of a pre-wash step of recipients with detergent-containing buffers as documented here.
The addition of detergents, which are considered temporary blockers, or other components during sample collection and processing can (i) have a detrimental effect on the analysis of other analytes by modifying the equilibrium between protein-bound or free analyte in the CSF, (ii) influence the ratio of A␤ isoforms which are known to possess different hydrophobicity characteristics, (iii) affect sample homogeneity, (iv) change commutability results with a reference method, or (v) influence inter-center variability. Sample homogeneity (as verified using the intra-assay variability) was not modified in our study by the presence of detergent in the sample.
Ultimately, the addition of detergents can change biomarker concentrations, which requires the establishment of new cut-off values. Previously, it was shown that detergent added to commercial CSF reversed adsorption problems of A␤ N-42 [24] , improved inter-day reproducibility in CSF for A␤ N-42 , but not for A␤ N-40 , A␤ N-38 , or tau proteins [25] , increased A␤ 1-42 concentrations [26] , resulted in better recoveries after additional freeze-thaw cycles [14] , and had no effect on the diagnostic accuracy to identify subjects with AD [26] . The latter study supports the idea that the addition of detergent to CSF of control and AD subjects will result in a comparable effect on the equilibrium between protein-bound and matrix-free analyte in CSF, independent of the disease state of the subject or absolute concentrations of A␤ , as such resulting in comparable group separations or clinical value.
Differences in surface characteristics of recipients (e.g., tubes, tips, pre-handling materials) can explain part of the problems linked to inter-center variability [27] . In contrast to Toombs et al. [28] , the present results showed only a minor (less than 6.2%) difference in analyte concentrations in function of the addition of identical volume of CSF in polypropylene tubes of different sizes (not in low binding tubes). Tube filling volumes did not influence measured concentrations of tau and P-tau in CSF [29] . Technical details of these studies are often missing.
The ratio of A␤ isoforms can become a more robust biomarker than A␤ , not only at the analytical level, but also clinically, as they can predict progression from mild cognitive impairment to AD [30] or improve differential diagnosis [10, 11, 31] .
There are some limitations to our study protocol. The study was performed with two different detergents. Since no significant differences were found between the selected detergents, data were analyzed assuming the detergents had an identical effect. The study was performed with an ad-hoc design that has limitations to study the interplay among several factors. Among the tested procedures, there was no protocol using a collection LoB tube and a PP storage tube. As such, the reported effect of the storage tube type should be interpreted as the effect after collection in a PP tube. The additional freeze/thaw cycle was only performed in protocols with the same collection and storage tube type. A possible association between the effects of freezing and a different collection and storage tube cannot be evaluated. The sample analysis was done with one assay design for a specific analyte. It will be important for future use of the presented collection procedures to document their impact on CSF concentrations of the tau proteins (total tau, phosphorylated tau), which have been included in guidance criteria for dementia diagnosis.
In conclusion, the study provides recommendations for a future international standard operating procedure for CSF analysis: -Use recipients with qualified low protein binding properties during sample handling. -It is recommended to limit the dead volume (free space) in the tubes. -Integrate the ratio of A␤ 1-42 /A␤ in the analysis. -Do not include detergent at the time of collection of CSF in order to limit potential problems for other analytes (e.g., tau, synapse proteins) or for bridging with the reference methods, which are under development. -Verify adsorption problems for recipients. If needed, integrate a pre-wash step.
-Taking into account their clinical value, the recommendations promise to speed-up the worldwide standardization for CSF AD biomarker analysis.
